ABSTRACT The Rho family of GTPases plays an important role in coordinating dynamic changes in the cell migration machinery after integrin engagement with the extracellular matrix. Rho GTPases are activated by guanine nucleotide exchange factors (GEFs) and negatively regulated by GTPase-activating proteins (GAPs). However, the mechanisms by which GEFs and GAPs are spatially and temporally regulated are poorly understood. Here the activity of the proto-oncogene Vav2, a GEF for Rac1, RhoA, and Cdc42, is shown to be regulated by a phosphorylation-dependent interaction with the ArfGAP PKL (GIT2). PKL is required for Vav2 activation downstream of integrin engagement and epidermal growth factor (EGF) stimulation. In turn, Vav2 regulates the subsequent redistribution of PKL and the Rac1 GEF β-PIX to focal adhesions after EGF stimulation, suggesting a feedforward signaling loop that coordinates PKL-dependent Vav2 activation and PKL localization. Of interest, Vav2 is required for the efficient localization of PKL and β-PIX to the leading edge of migrating cells, and knockdown of Vav2 results in a decrease in directional persistence and polarization in migrating cells, suggesting a coordination between PKL/Vav2 signaling and PKL/β-PIX signaling during cell migration.
INTRODUCTION
Cell migration plays a critical role in numerous pathological and physiological processes, including embryonic development, wound healing, and tumor cell metastasis (Huttenlocher and Horwitz, 2011) . It is well established that the Rho family of small GTPases plays an important role in coordinating the cytoskeletal and cell migration machinery after integrin engagement with the extracellular matrix (ECM). Rac1 and Cdc42 stimulate the formation of nascent adhesion complexes at the leading edge and the development of lamellipodia and filopodia, respectively. Transition to RhoA/C activation subsequently promotes the maturation of adhesions and the formation of associated stress fibers and is also required for focal adhesion disassembly (Webb et al., 2002; Hall, 2005; Broussard et al., 2008) .
The activity of Rho GTPases is stimulated by guanine nucleotide exchange factors (GEFs) and negatively regulated by GTPase-activating proteins (GAPs), as well as by guanine nucleotide dissociation inhibitors (GDIs; Bos et al., 2007) . Many of the GEFs and GAPs, including β-PIX, Tiam1, and CdGAP, play a role in cell migration (Lee et al., 2005; LaLonde et al., 2006; Pegtel et al., 2007; Feng et al., 2010; Wormer et al., 2012) . However, we are only beginning to understand the mechanisms by which the cell coordinates the localization and activity of Rho GTPase regulators. For example, focal adhesion scaffold proteins such as paxillin act to coordinate the spatiotemporal activation of the Rho family of GTPases, including Cdc42, Rac1, and RhoA and their associated effectors to regulate cell adhesion, spreading, and migration (Nobes and Hall, 1999) .
Paxillin achieves GTPase regulation by recruiting GEFs and GAPs, along with specific effector proteins that mediate downstream responses to GTP-bound active GTPases, to focal adhesions. For example, paxillin binds the β-PIX-PAK-Nck protein cassette via the ARF GAP PKL (GIT2) and localizes them to adhesions (Marignani and Carpenter, 2001; Brown et al., 2005) , the importance of the PKL-Vav2 interaction in regulating cell morphology was evaluated. Of interest, the coexpression of Vav2 with PKL produced a dramatic change in cell morphology, with cells displaying a flattened, nonpolarized, pancake-like morphology, as well as a robust array of stress fibers (Figure 1C, arrows) . In addition, GFP-PKL localized to focal adhesions in these cells ( Figure 1C ). This phenotype was remarkably similar to that of cells expressing an oncogenic Vav2 mutant that lacks the amino-terminal calponin homology domain and acidic domain and is constitutively active toward Rac1, Cdc42, and RhoA (Schuebel et al., 1996 (Schuebel et al., , 1998 Abe et al., 2000; Liu and Burridge, 2000) . Indeed, introduction of a constitutively active Vav2 (CA-Vav2) mutant (Booden et al., 2002) into CHO-K1 cells in the absence of GFP-PKL generated a similar phenotype to cells coexpressing PKL and Vav2 ( Figure 1C ), suggesting that coexpression of PKL and Vav2 results in the activation of Vav2 exchange activity toward multiple Rho GTPases. Consequently, this phenotype will be described as the "active" Vav2 phenotype. Quantitation of cotransfected cells demonstrated that >30% of cells (33 ± 0.7%) coexpressing PKL and Vav2 displayed the "active" Vav2 phenotype, compared with approximately 10% of cells individually expressing wild-type Vav2 (11.2 ± 0.63%) and <1% of cells expressing GFP-PKL alone (0.67 ± 1.3%). In addition, approximately 50% of GFP-positive cells (52 ± 1.4%) expressing constitutively active Vav2 ( Figure 1D ) exhibited the "active" Vav2 phenotype. Of interest, coexpression of the closely related protein GIT1, which has also been implicated in the regulation of adhesion-dependent Rac1-activation (Nishiya et al., 2005; Nayal et al., 2006) , with Vav2 failed to induce the formation of the "active" Vav2 phenotype (Figure 1, C and D) . Furthermore, the "active" Vav2 phenotype was not observed when PKL was coexpressed with Vav1 or Vav3 ( Figure 1E ), suggesting that the phenotype observed is specific to PKL-dependent activation of Vav2.
To dissect the importance of PKL tyrosine phosphorylation and focal adhesion localization in the activation of Vav2, we coexpressed Vav2 with either the nonphosphorylatable PKL-3YF mutant or the PKL-ΔPBS2 mutant, which is defective in focal adhesion targeting due to the absence of the paxillin interaction domain (West et al., 2001) , and counted the number of cells exhibiting the "active" Vav2 phenotype. Coexpression of Vav2 with either of these mutants resulted in a significant decrease in the number of cells exhibiting the "active" Vav2 phenotype (Figure 1, C and F) . Because the PKL-ΔPBS2 mutant can still be phosphorylated in response to adhesion , these results indicate that both PKL tyrosine phosphorylation and its localization to focal adhesions are necessary for the morphological changes observed in the generation of the "active" Vav2 phenotype.
Overexpression of PKL with Vav2 results in Vav2 phosphorylation and activation
To test whether coexpression of PKL and Vav2 did indeed result in the stimulation of Vav2 exchange activity, we assessed the phosphorylation of Vav2 at Y172 by Western blotting. Phosphorylation at this site was reported to be required for Vav2 exchange activity (Schuebel et al., 1998) and thus can be used as a readout for Vav2 activation. Coexpression of PKL with Vav2 resulted in an increase in the PY172 levels compared with Vav2 coexpressed with GFP ( Figure 2 , A and B). In contrast, coexpression of GIT1 or of PKL 3YF with Vav2 was unable to stimulate Vav2 phosphorylation to the same extent ( Figure 2, A and B) . To evaluate the influence of PKL on Vav2 exchange activity, we undertook pull-down assays using GST fusion proteins of nucleotide binding-defective mutants of RhoA and Rac1. These mutants bind selectively to the activated form of GEFs (Turner et al., 1999; Brown et al., 2002) . This interaction is required for precise coordination of localized Rac1 activity, presumably via the GEF activity of β-PIX, and likely contributes to PAK regulation of lamellipodia extension and adhesion turnover (Brown et al., 2002) .
Signaling via both integrin and growth factor receptors is required for efficient cell migration to occur, and several focal adhesion components, including paxillin, FAK, and Src, are phosphorylated in response to growth factor stimulation (Turner, 2000) . PKL is tyrosine phosphorylated downstream of platelet-derived growth factor (PDGF)-receptor activation in fibroblasts, an event that promotes PKL association with paxillin and is required for directional cell migration and polarization, suggesting that PKL is an integral component of growth factor and cell adhesion signaling cross-talk (Yu et al., 2009) .
We sought to determine how PKL tyrosine phosphorylation may contribute to the coordination of Rho-family GTPase signaling downstream of integrin and growth factor receptor activation. Using a high-throughput Src homology 2 (SH2) domain-binding screen (Machida et al., 2007) , we identified the Rho-family GEF Vav2 as a new binding partner for phosphorylated PKL. Through the expression of PKL mutants and RNA interference (RNAi) of PKL, we determined that PKL is required for adhesion and growth factor-dependent Vav2 activation. Vav2 activity is subsequently required for epidermal growth factor (EGF)-stimulated enrichment of PKL and β-PIX at focal adhesions during cell spreading and to adhesions at the leading edge of migrating cells, suggesting a feedforward loop that coordinates PKL phosphorylation and activation of Vav2 with the distribution of PKL and β-PIX during cell migration.
RESULTS
PKL interacts with the SH2 domain of Vav2, and coexpression of PKL and Vav2 promotes lamellipodia and stress fiber formation PKL is tyrosine phosphorylated during cell adhesion, as well as in response to the addition of growth factors. This phosphorylation is necessary for optimal cell migration and spreading (Yu et al., 2009) and for PKL targeting to focal adhesions . The principal phosphorylation sites Y286, Y392, and Y592 are potential candidates for mediating interactions with SH2 domain-containing proteins . To identify novel binding partners for these phosphorylation sites, we transfected CHO-K1 cells with green fluorescent protein (GFP) wild-type PKL (PKL) or the nonphosphorylatable GFP-PKL Y286F, Y392F, Y592F mutant (PKL-3YF; Brown et al., 2005) and then spread them on fibronectin to stimulate phosphorylation of the wild-type protein. The GFP-PKL proteins were precipitated and used in a screen of glutathione S-transferase (GST)-SH2 domain fusion proteins (Machida et al., 2007) . In addition to confirming previously reported interactions between phospho-PKL and Crk, Nck, and Src , of particular note was a phosphorylation-dependent interaction between PKL and the SH2 domain of the Rho-family GEF Vav2 (data not shown). Pull-down assays from CHO-K1 lysates using GST-Vav2-SH2 domain confirmed a specific interaction with GFP-PKL but not GFP-PKL-3YF or GFP alone ( Figure 1A) . Furthermore, cotransfection of CHO-K1 cells with full-length hemagglutinin (HA)-tagged Vav2 along with GFP-tagged PKL constructs followed by spreading on fibronectin and immunoprecipitation of GFP-tagged proteins demonstrated that HA-Vav2 coprecipitated effectively with phosphorylated GFP-PKL, whereas only background levels of HA-Vav2 were observed in the GFP and GFP-PKL-3YF precipitates ( Figure 1B) .
Because both Vav2 and PKL contribute to the regulation of lamellipodia formation during cell migration and spreading toward both Rac1 and RhoA. Conversely, binding of Vav2 was suppressed by expression of the PKL 3YF mutant, in comparison to expression of wild-type PKL (Figure 2 , C and D), confirming the role of tyrosine phosphorylation of PKL in PKL-dependent activation of (Garcia-Mata et al., 2006; Garrett et al., 2007) . The binding of Vav2 to both Rac G15A and Rho G17A mutants was significantly enhanced by coexpression of PKL with Vav2 as compared with GFP ( Figure 2, C and D) , suggesting increased Vav2 exchange activity 
Vav2 activity promotes PKL adhesion localization
Recruitment of PKL to adhesions is promoted by expression of constitutively active Rac1 and Cdc42 during cell spreading (Brown et al., 2002) . Because Vav2 can demonstrate exchange activity toward both Rac1 and Cdc42, we hypothesized that Vav2 might play a role in stimulating PKL localization to adhesions in response to EGF. We spread HT1080 cells expressing GFP-PKL on fibronectin for 30 min in the absence or presence of EGF, the conditions in which PKL-dependent activation of Vav2 is observed, and assessed the amount of GFP-PKL colocalization with paxillin at focal adhesions by confocal microscopy. In cells expressing similar levels of GFP-PKL as determined by cell mean fluorescence intensity (not shown), the mean Pearson's r per cell between GFP-PKL and paxillin was significantly increased in the presence of EGF ( Figure 4 , A and B), suggesting that EGF stimulation is able to promote the localization of GFP-PKL to focal adhesions. We previously demonstrated that PKL association with paxillin and recruitment to adhesions is specifically regulated by growth factor stimulation in NIH 3T3 cells in comparison to GIT1, which remains constitutively associated (Yu et al., 2009) . In HT1080 cells, GFP-GIT1 localized to paxillin-positive focal adhesions in spread cells, but this localization was unaltered in the presence of EGF ( Figure 4 , A and B), suggesting that EGF is able to specifically regulate recruitment of GFP-PKL to focal adhesions in this cell type. To assess the effect of EGF on endogenous PKL localization, we undertook confocal microscopy using an antibody reported to cross-react with both PKL and GIT1. More robust adhesion staining of PKL/GIT1 was observed in the presence of EGF ( Figure 4C ), and line profiles through individual adhesions demonstrate that although paxillin intensity is similar in the absence or presence of EGF, the intensity of PKL/GIT1 staining in adhesions increases ( Figure 4C ). To quantify changes in PKL/GIT1 at focal adhesions in a nonsubjective manner, we determined the relative intensity of PKL/GIT1 to paxillin for all paxillin-positive adhesions in the cell and generated a mean value per cell. With this approach it was apparent that after stimulation with EGF, the mean intensity of endogenous PKL/GIT1 staining in relation to paxillin at focal Vav2. The results from the active GEF pull-down assays exhibited a similar trend to those generated using Vav2 phosphorylation as a marker for Vav2 activation, demonstrating that the level of PY172 Vav2 is a viable determinant of Vav2 activity.
PKL is required for activation of endogenous Vav2 in response to adhesion and EGF stimulation
Because expression of PKL and Vav2 in CHO-K1 cells resulted in the activation of Vav2, we investigated a potential role for PKL in the activation of endogenous Vav2. When HT1080 human fibrosarcoma cells were spread on fibronectin (FN) in the absence of serum, no significant change in phosphorylation of Vav2 was observed in comparison to cells spread in poly-l-lysine (PL; Figure 3A ). This suggests that Vav2 activation requires additional stimulation in this cell type. Vav2 activity, as measured by its tyrosine phosphorylation at Y172, is stimulated in response to EGF, PDGF, and vascular endothelial growth factor (VEGF; Liu and Burridge, 2000; Marcoux and Vuori, 2003; Garrett et al., 2007) , and therefore HT1080 cells were spread on either PL or FN in the absence or presence of 30 ng/ml EGF. Robust phosphorylation of Vav2 was observed in cells spread on FN in the presence of EGF, with maximal phosphorylation being observed after 30 min ( Figure 3B ). Phosphorylation of Vav2 was not stimulated in cells spread on PL, even in the presence of EGF, demonstrating that Vav2 activation requires both adhesion-and growth factor-dependent signaling. Furthermore, coimmunoprecipitation of endogenous Vav2 with PKL was observed in HT1080 cells spread on fibronectin in the presence of EGF, whereas spreading on fibronectin alone did not promote an interaction between Vav2 and PKL ( Figure 3C ). Of interest, maximal PKL tyrosine phosphorylation in fibroblasts stimulated with PDGF also requires adhesion to FN and growth factor stimulation (Yu et al., 2009) .
To determine whether PKL is required for phosphorylation and activation of endogenous Vav2, an RNAi-based approach was used to suppress the levels of PKL in HT1080 cells. Phosphorylation of Y172 Vav2 was decreased in cells after PKL knockdown and spreading on FN for 30 min in the presence of EGF ( Figure 3D) . These data therefore demonstrate the requirement for PKL in stimulating activation of Vav2 in response to integrin ligation and EGF stimulation. adhesions per cell was significantly increased (Figure 4, C and E) , with no change in average focal adhesion size per cell being observed ( Figure 4D ). Taken together with the specific effect of EGF on GFP-PKL localization to focal adhesions ( Figure 4A ), these data suggest that the changes in endogenous staining observed using the PKL/GIT1 antibody in HT1080 cells occur as a result of EGF promoting the enrichment of PKL at paxillin-positive focal adhesions.
To determine whether Vav2 was required for this recruitment to occur, we spread HT1080 cells expressing GFP-PKL alone or GFP-PKL along with CA-Vav2 on FN for 30 min in the absence of EGF. In the presence of CA-Vav2, we observed an increase in Pearson's r between paxillin and GFP-PKL ( Figure 5, A and B) , comparable to cells stimulated with EGF. In addition, we transfected HT1080 cells with GFP alone or GFP together with CA-Vav2 and determined the relative intensity of endogenous PKL to paxillin staining at adhesions. Compared to cells expressing GFP alone, CA-Vav2-expressing cells demonstrated a significant increase in PKL/GIT1 staining at focal adhesions ( Figure 5 , C and E), with no associated change in mean adhesion size per cell ( Figure 5D ). Conversely, expression of dominant-negative L342R/L343S Vav2 (RS-Vav2), which lacks nucleotide exchange activity (Marignani and Carpenter, 2001 ), or small interfering RNA (siRNA)-mediated knockdown of Vav2 ( Figure 6C ) suppressed EGFstimulated recruitment of PKL to focal adhesions during cell spreading, as shown by a reduction in PKL/GIT1 staining intensity at adhesions ( Figure 6 , A, B, and E). These treatments had no effect on the mean focal adhesion size per cell ( Figure 6D ).
To determine which GTPases were required for Vav2-mediated PKL localization to focal adhesions, we spread HT1080 cells coexpressing CA-Vav2 and either vector control or dominant-negative Cdc42, Rac1, or RhoA on fibronectin in the absence of EGF for 30 min and quantified the relative intensity of PKL/GIT1 staining to paxillin at focal adhesions per cell. Expression of either dominant-negative Cdc42 or Rac1 was able to significantly suppress CAVav2-stimulated PKL/GIT1 staining at focal adhesions, whereas dominant-negative RhoA was ineffective in this regard (Figure 7, A and C) . No change in mean focal adhesion size per cell was observed in cells coexpressing dominant-negative Cdc42, Rac1, or RhoA with CA-Vav2 ( Figure 7B ), suggesting that any change in PKL distribution is not a result of global changes in focal adhesion size. These data therefore The average focal adhesion size per cell (D) and the average ratio of PKL/GIT1 intensity to paxillin intensity in adhesions per cell (E) were quantified in background-subtracted raw images using ImageJ. Values are means ± SEM for three experiments and at least 10 cells per experiment. Significance was determined using Student's t test.
focal adhesions (Turner et al., 1999; Brown et al., 2002) . Furthermore, PKL tyrosine phosphorylation is required for the polarized distribution of β-PIX to the leading edge of migrating NIH 3T3 fibroblasts (Yu et al., 2009) . We therefore hypothesized that EGF-stimulated Vav2 activity may also promote β-PIX recruitment to focal adhesions. Indeed, as observed with PKL, treatment with EGF or expression of CA-Vav2 resulted in an increase in β-PIX at focal adhesions (Supplemental Figure S1) . In addition, expression of dominant-negative RS-Vav2 or depletion of Vav2 by RNAi suppressed the recruitment of β-PIX to paxillinpositive adhesions in cells spread on FN for 30 min in the presence of EGF (Supplemental Figure S2 and Figure 8 ).
Vav2 is required for polarized distribution of PKL and β-PIX during directional cell migration
To assess a role for PKL-dependent activation of Vav2 in directed cell migration, we evaluated the polarization and motility of PKL-and Vav2-RNAi-depleted HT1080 cells by scrape wound assays. Cells migrating on a two-dimensional (2D) substrate typically develop a morphological polarization associated with reorientation of the Golgi complex and microtubule-organizing center toward the leading edge (Nabi, 1999) . Knockdown of PKL or expression of nonphosphorylatable PKL in NIH 3T3 cells results in loss of Golgi reorientation in migrating cells (Yu et al., 2009) , demonstrating that PKL facilitates the establishment of a polarized morphology during migration. Similarly, knockdown of Vav2 suppressed the ability of migrating cells to reorient the Golgi ( Figure 9A ), suggesting that the regulation of Vav2 is also required to establish cell polarity in migrating cells.
Having described a role for Vav2 in regulating recruitment of PKL and β-PIX to adhesions in spreading cells, we tested whether Vav2 activity might also be required for the polarized distribution of PKL and β-PIX in migrating cells. HT1080 cells migrating into a scrape wound in serum-containing media generally exhibit a single broad lamellipodium, and the distribution of PKL/GIT1 ( Figure 9B ) and β-PIX ( Figure 9D ) is polarized to adhesions at the leading edge. In contrast, after Vav2 RNAi, the polarized distribution of both PKL/GIT1 and β-PIX to the leading edge was greatly reduced (Figure 9 , B-E). These data therefore suggest that Vav2 is required for the establishment of cell polarity and thus for the polarized distribution of PKL/GIT1 and β-PIX to adhesions at the leading edge of migrating cells.
In addition to a role in establishing cell polarity, PKL RNAi has been reported to perturb cell migration in a scrape wound, with a demonstrate that stimulation of Vav2 exchange activity is required to promote recruitment of PKL to adhesions downstream of adhesion to fibronectin and stimulation of cells with EGF, likely through activation of Cdc42 and Rac1 small GTPases.
PKL is able to directly bind the Rac-GEF β-PIX (Turner et al., 1999) and facilitate recruitment of β-PIX and the Rac effector PAK to Line profiles through adhesions demonstrate increased intensity of PKL/GIT1 in paxillin-positive adhesions. The average focal adhesion size per cell (D) and the average ratio of PKL/GIT1 intensity to paxillin intensity in adhesions per cell (E) were quantified in background-subtracted raw images using Image J. Values are means ± SEM for three experiments and at least 10 cells per experiment. Significance was determined using Student's t test. *p < 0.05, *** p < 0.005. and also resulted in a decrease in directionality in NIH 3T3 cells ( Figure 9H ) but had no effect on cell speed ( Figure 9I ), suggesting that PKL-dependent activation of Vav2 is required to facilitate the role of PKL in establishing cellular polarity and maintaining directionality during cell migration.
DISCUSSION
This study outlines an important role for the interaction between tyrosine-phosphorylated PKL and Vav2 in regulating Vav2 activity during cell spreading and migration (summarized in Figure 10 ). We demonstrated that coexpression of GFP-PKL, but not the closely related GIT1, with Vav2 in CHO-K1 cells results in the formation of an "active" Vav2 phenotype by which cells display a nonpolarized, pancake-like morphology, as well as robust stress fibers, when spread on fibronectin. This "active" Vav2 phenotype is also observed in cells expressing a constitutively active form of Vav2 that was previously shown to promote the activity of Rac1, RhoA, and Cdc42 . Indeed, coexpression of PKL with Vav2 promoted the GEF activity of Vav2 toward both Rac1 and RhoA, as demonstrated by pull-down assays using GST fusion proteins of nucleotide binding-defective mutants that selectively bind the activated form of GEFs (Garcia-Mata et al., 2006; Garrett et al., 2007) . Formation of this "active" Vav2 phenotype and stimulation of Vav2 GEF activity are suppressed in cells expressing nonphosphorylatable GFP-PKL-3YF, and this mutant is unable to bind Vav2, demonstrating that PKL phosphorylation and binding of Vav2 via the SH2 domain are required for PKL-dependent activation of Vav2 activity. In previous studies, the carboxyl-terminus of Vav2, which contains the SH2 and SH3 domains, was suggested to play an autoinhibitory role in regulating Vav2 activity, acting as a dominant negative for EGF-induced Rac1 activation . In addition, expression of Vav2 that either contained point mutations in the SH2 domain or lacked the carboxyl-terminal region resulted in a loss of tyrosine phosphorylation in response to EGF (Tamas et al., 2001) . Therefore SH2 binding of tyrosine-phosphorylated proteins appears to be required for Vav2 phosphorylation and activation. As such, phospho-PKL binding to Vav2-SH2 might contribute to suppressing autoinhibition by the carboxyl-terminus of Vav2 and thereby promote Vav2 phosphorylation and activation.
Activation of Vav2 also requires membrane binding via its pleckstrin homology (PH) domain. Introduction of a point mutation reduction in cell speed and a loss of directionality being observed in NIH 3T3 cells (Yu et al., 2009) . Similarly, knockdown of PKL in HT1080 cells also resulted in a loss of directionality, but in contrast to fibroblasts, no decrease in cell speed was observed (Figure 9 , F and G). Of interest, RNAi of Vav2 produced similar results (Figure 9 , F and G) and the average ratio of PKL/GIT1 intensity to paxillin intensity in adhesions per cell (E) were quantified in background-subtracted raw images using ImageJ. Values are means ± SEM for three experiments and at least 10 cells per experiment. Significance was determined using Student's t test. *P < 0.05. phosphatidylinositol (3,4,5)-triphosphate (PIP3) in regulating Vav2 activity. Of interest, neutrophils isolated from PKL-null mice are unable to efficiently activate PI3K in order to produce and accumulate PIP3 at the leading edge of migrating cells (Mazaki et al., 2006) . Therefore it is possible that PKL plays a multifaceted role in regulating Vav2 activity by influencing Vav2 membrane binding and activation via the regulation of PI3K activity and the generation of PIP3 in addition to promoting Vav2 phosphorylation via binding of the Vav2-SH2 domain.
Consistent with previous studies, we demonstrated that Vav2 is not phosphorylated in response to FN spreading alone but that in HT1080 cells Vav2 is phosphorylated after costimulation with EGF and FN. Vav2 was reported to undergo tyrosine phosphorylation in response to EGF, PDGF, and VEGF Marcoux and Vuori, 2003; Garrett et al., 2007) and to associate with the EGF receptor (Pandey et al., 2000; Tamas et al., 2003) . Here we show that EGF-stimulated phosphorylation of Vav2 and therefore Vav2 GEF activity are suppressed after knockdown of PKL. Therefore PKL may be acting as a signaling intermediate to facilitate Vav2 phosphorylation and activity downstream of EGF stimulation. EGF-stimulated phosphorylation of Vav2 is primarily mediated by Src tyrosine kinase (Servitja et al., 2003; Tu et al., 2003) , and Src also binds to and phosphorylates PKL Yu et al., 2009 ). Therefore, PKL binding of Vav2 may also act to localize Vav2 to Src kinase to promote Srcdependent phosphorylation of Vav2 downstream of EGF stimulation.
Several reports have implicated a role for Vav2 signaling in cell spreading, scattering, and migration (Schuebel et al., 1998; Liu and Burridge, 2000; Marignani and Carpenter, 2001; Garrett et al., 2007) . However, the molecular mechanisms by which Vav2 influences these aspects of cell behavior are poorly defined. Here we showed that under the conditions in which PKL-dependent phosphorylation of Vav2 occurs, EGF stimulation also promotes the recruitment of PKL and its binding partner β-PIX, another Cdc42/Rac1 GEF, to paxillin-positive focal adhesions. This recruitment can be stimulated by expression of CA-Vav2 in the absence of EGF and suppressed by expression of dominant-negative RS-Vav2 or knockdown of Vav2 by RNAi. These data suggest a potential feedforward loop by which PKL phosphorylation-dependent activation of Vav2 may locally activate Rac1 to promote the recruitment of the PKL and β-PIX (Turner et al., 1999) to focal into the Vav2 PH domain or treatment with the phosphoinositol-3-kinase (PI3K) inhibitor LY294002 inhibits Vav2 activity (Tamas et al., 2003) , suggesting a key role for PI3K and the generation of FIGURE 7: Activation of Cdc42 and Rac1, but not RhoA, is required for Vav2-stimulated recruitment of PKL/GIT1 to paxillin-positive adhesions. (A) HT1080 cells were transfected with GFP or GFP plus HA-CA-Vav2 in the absence or presence of dominant-negative Cdc42, Rac1, or RhoA and then spread on FN in the absence of EGF for 30 min. After fixation, cells were stained for paxillin and PKL/GIT1. Images are contrast enhanced to equal degrees for presentation. Scale bar, 10 μm. Line profiles through adhesions indicated in A demonstrate increased intensity of PKL/GIT1 in paxillin-positive adhesions when CA-Vav2 is expressed and that this is suppressed by coexpression of dominant-negative Cdc42 and Rac1. The average focal adhesion size per cell (B) and the average ratio of PKL/GIT1 intensity to paxillin intensity in adhesions per cell (C) were quantified in background-subtracted raw images using ImageJ. Values are means ± SEM for three experiments and at least 10 cells per experiment. Significance was determined using Student's t test. *P < 0.05, **P < 0.005. toward RhoA to regulate focal adhesion maturation and disassembly.
In migrating HT1080 cells, Vav2 knockdown results in a reduction in cell polarity and directionality during cell migration, similar to observations made in NIH 3T3 cells expressing nonphosphorylatable GFP-PKL-3YF (Yu et al., 2009) . A consequence of this loss of polarity is the inability to localize PKL/GIT1 and β-PIX to the leading edge of migrating cells. Therefore the effects of expressing GFP-PKL-3YF on cell migration might occur, at least in part, as a result of suppressed Vav2 activation. Previous reports demonstrated β-PIX recruitment to nascent adhesions at the leading edge of migrating cells (Loo et al., 2004; Nayal et al., 2006; ten Klooster et al., 2006; Kuo et al., 2011) and that β-PIX recruits Rac1 to adhesions via a direct interaction (ten Klooster et al., 2006) . Activation of Rac1 by β-PIX promotes lamellipodial protrusion and nascent adhesion turnover (Nayal et al., 2006; Kuo et al., 2011) , resulting in enhanced cell migration (Kuo et al., 2011) . Of interest, β-PIX, like Vav2, is tyrosine phosphorylated downstream of EGF and Src activation, leading to its activation and increased adhesion turnover (Feng et al., 2010) . In contrast to β-PIX, Vav2 has not been reported to localize to focal adhesions, nor have we observed it at adhesions in this study (data not shown), and it is therefore unlikely to be regulating Rac1 activity directly at this location. It is therefore possible that PKL plays a dual role in coordinating the spatiotemporal regulation of both Vav2 and β-PIX activities to coordinate Rho GTPase signaling during cell spreading and migration.
Of importance, the disregulation of Rho-family GTPase activity has been linked to numerous pathologies, including tumor growth and metastasis (Vega and Ridley, 2008) . However, Rho-family GTPases are rarely mutated in human cancers. Instead, their abnormal activity most frequently results from overexpression or disregulation of their GEFs and GAPs. For instance, Vav proteins have been linked to the development of leukemias, melanoma, and pancreatic tumors (Billadeau, 2002; Bartolome et al., 2006; Kim et al., 2006; Prieto-Sanchez et al., 2006) . In particular, Vav2 promotes invasion in melanoma (Bartolome et al., 2006) , head and neck squamous cell carcinoma (Patel et al., 2007) , and oral squamous cell carcinoma (Lai et al., 2008) . Furthermore, Vav2 signaling regulates endothelial cell migration and angiogenesis, suggesting a possible role in tumor vascularization (Hunter et al., 2006; Garrett et al., 2007) . Therefore, the identification of PKL as an upstream activator of Vav2 suggests that tumors in which expression of both PKL and Vav2 is elevated or phosphorylation of PKL is enhanced might have elevated Vav2 activity and thus an increased potential for invasion and metastasis.
MATERIALS AND METHODS

Cell culture and reagents
HT1080 cells were cultured in MEM, 10% fetal bovine serum (FBS), 50 U/ml penicillin, and 50 μg/ml streptomycin. CHO.K1 cells were adhesions. Redistribution of PKL and β-PIX to focal adhesions can be promoted via expression of either active-Rac1 or active Cdc42, but not active-RhoA, and requires the activation of PAK (Brown et al., 2002) . Expression of CA-Vav2 and overexpression of Vav2 in EGF-stimulated cells (Tu et al., 2003) increase the activity of Cdc42, as well as of Rac1. Consistent with these observations, we demonstrate that the activity of Cdc42, as well as of Rac1, is required to facilitate Vav2-stimulated PKL recruitment to focal adhesions, whereas activity of RhoA is not required. It remains to be determined, however, whether EGF stimulation promotes endogenous Vav2 GEF activity toward Cdc42 and whether this stimulation is PKL dependent. In addition, Vav2 was also reported to demonstrate GEF activity toward RhoA (Abe et al., 2000) , We were unable to detect endogenous Vav2-GEF activity toward RhoA under the conditions used to promote Vav2-dependent recruitment of the PKL to adhesions (data not shown). However, pulldown assays using the Rho-G17A mutant suggest that Vav2 exchange activity toward RhoA is enhanced in CHO-K1 cells coexpressing PKL and Vav2. The possibility that the PKL/Vav2 axis may be regulating RhoA activity is also supported by the presence of robust stress fibers in the "active" Vav2 phenotype and the observation that knockdown of either PKL or Vav2 in HT1080 cells results in cells with elongated tails typical of suppressed RhoA activity (Worthylake et al., 2001 ) when spread on FN in the presence of EGF for 2 h (data not shown). These data suggest that, at later time points, PKL could play a role in facilitating the switch of Vav2 activity 
GST-binding assays
CHO.K1 cells transfected with GFP-PKL, GFP-PKL-3YF, or empty vector control, with or without HA-Vav2, were spread on 10 μg/ml FN for 2 h. Cells were lysed in 1% Triton lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 10 mM MgCl 2 , 0.2 mM Na 3 VO 4 , 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride [PMSF] , and 10 mg/ml leupeptin). Clarified lysates were incubated end over end with GST-Vav2 SH2, GST-RacG15A, or GSTRhoG17A fusion proteins as indicated at 4ºC for 1 h and then washed three times in lysis buffer. Samples were solubilized in 2× SDS-sample buffer and evaluated by Western blotting.
Immunoprecipitation and Western blotting
CHO.K1 cells cotransfected with GFP-PKL, GFP-PKL-3YF, or empty vector control along with HA-Vav2 were spread on FN for 2 h and then lysed in 1% Triton lysis buffer. For assessment of endogenous Vav2 phosphorylation in HT1080 cells, cells were lysed in 1× nondenaturing lysis buffer (75 mM Tris, pH 7.6, 200 mM NaCl, 15 mM NaF, 1.5 mM Na 3 VO 4 , 7.5 mM EDTA, 7.5 mM ethylene glycol tetraacetic acid, 1% Triton X-100, 0.75% NP-40, 1 mM PMSF, and 10 mg/ml leupeptin). Clarified lysates were incubated end over end for 2 h at 4ºC with primary antibody and then an additional hour with protein A/G beads (Santa Cruz Biotechnology) before washing three times with lysis buffer.
Immunoprecipitates were solubilized in sample buffer and analyzed by Western blot. For blotting, samples were run on 10% SDS-PAGE and transferred to nitrocellulose. Primary antibodies were incubated for 2 h, followed by 1-h incubation on secondary horseradish peroxidase-conjugated antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) at room temperature. Western blots were visualized by chemiluminescence using ECL (GE Healthcare Bio-Sciences, Piscataway, NJ) on a Bio-Rad (Hercules, CA) imaging system.
Immunofluorescence
Glass coverslips were coated with FN at 10 μg/ml at 4°C in phosphate-buffered saline (PBS) containing magnesium and calcium overnight. Coverslips were washed with PBS and blocked with 1% bovine serum albumin (BSA) in PBS. CHO.K1 and HT1080 cells were seeded at 4 × 10 4 cells/ml and allowed to adhere in the conditions indicated. Cells were subsequently fixed and permeabilized simultaneously using 4% paraformaldehyde with 0.5% Triton X-100 in PBS, quenched with 0.1 M glycine in PBS, and blocked overnight at 4°C with 3% (wt/vol) BSA. Fixed cells were stained with primary antibodies at 1:200 in 3% BSA in PBS for 2 h at room temperature. Rhodamine-phalloidin (1:1000) (Invitrogen) was used to visualize F-actin. Secondary antibodies (Jackson Immuno Research Laboratories) were used at 1:300 for 1 h at room temperature as indicated. PBS with 0.05% Tween-20 was used for subsequent washes. Cells were imaged using the Leica SP5 scanning confocal with a HCX PL APO 63×/1.40-0.60 Oil λ BL objective (Leica, Bannockburn, IL), and image analysis was performed using ImageJ (National Institutes of Health, Bethesda, MD).
Quantification of focal adhesion-localized proteins
Confocal immunofluorescence images were acquired using consistent acquisition settings per experiment and then background subtracted using rolling ball subtraction. After this, images of paxillin staining were thresholded to define focal adhesions, and masks were generated. Using a size cutoff of 0.1 μm, we then used these masks to acquire intensity values for paxillin and PKL/GIT1 or β-PIX at each adhesion within the cell. The ratio of PKL/GIT1 and PIX intensity to paxillin intensity at focal adhesions was subsequently determined such that the mean intensity of PKL/GIT1 and PIX at adhesions per cell was expressed relative to paxillin staining of the same cell. Pearson's r was determined using paxillin masks to define adhesions and background-subtracted images of the GFP-tagged protein of interest and the JACOP plug-in in ImageJ.
Wound healing
For wound-healing assays, cells were plated to confluence on FNcoated 24-well tissue culture dishes or glass coverslips. The monolayer was scraped using a pipette tip and washed four times with PBS. Time-lapse images were acquired every 3 min over a time course of 16 h on a Nikon Eclipse Ti microscope using a 10×/0.30 PL FLUOR Nikon objective and equipped with a Hamamatsu Orca R2 camera (Hamamatsu, Hamamatsu City, Japan) and Nikon NS-Elements software (Nikon, Melville, NY). Individual cells were tracked using ImageJ to acquire values for directionality and velocity. For immunofluorescence imaging, coverslips were fixed 2 hr postwounding and stained with primary antibodies as indicated. Cells at the wound edge with Golgi polarized to the front-facing 120° sector were scored as positive for polarization. Polarization of PKL/GIT1 and β-PIX in migrating cells was determined by counting the proportion of cells at the wound edge that demonstrated focal adhesion staining of PKL/GIT1 and β-PIX at the leading edge.
Statistical analysis
Values were calculated from at least three independent experiments and were compared by Student's t test, and p < 0.05 was considered statistically significant. Error bars represent SEM. 10: Schematic representation of findings outlined in this study. Phosphorylated PKL binds Vav2 via the Vav2 SH2 domain in response to EGF and FN signaling, resulting in increased Vav2 phosphorylation and stimulation of its GEF activity. These phosphorylation events are likely mediated by Src tyrosine kinase activity (data not shown; Servitja et al., 2003; Tu et al., 2003; Brown et al., 2005; Yu et al., 2009) ). Active Vav2 promotes increased recruitment of PKL and β-PIX to paxillin-positive adhesions in an active Cdc42-and Rac1-dependent manner. In addition, Vav2 is required for efficient polarization of cells during directed cell migration and the corresponding distribution of PKL and β-PIX to the leading edge. In addition to the data outlined here, PKL may also facilitate the switching of Vav2 activity toward RhoA at later spreading time points and during migration to regulate adhesion maturation and disassembly. distribution of PKL/GIT1 and β-PIX. Values are means ± SEM for three experiments and at least 30 cells per experiment. Significance was determined using Student's t test. **p < 0.05, ***p < 0.005. (F, G) HT1080 or (H, I) NIH 3T3 cells were transfected with siRNA targeting PKL or Vav2 as indicated. After 72 h cells were replated to form a confluent monolayer and wounded. Cell migration was allowed to proceed for 16 h and individual cells subsequently tracked using ImageJ. Values for directionality (F, H) and velocity (G, I) were determined for at least 40 cells per experiment and three separate experiments. ***p < 0.0005.
